making them a great threat in clinical medicine, food industry or terrorism.
The outstanding resistance of dormant endospores is believed to be strongly related to its capability to preserve the core at low hydration levels under atmospheric conditions. 5-8 At low hydration levels important core enzymes remain inactive 3,7,9 and do not denature irreversibly upon a temperature increase. 9, 10 In addition, the core is believed to be in high viscous state (glass or gel, still under discussion), which further reduces the diffusive molecular motions and further contributes to preserve the molecular structure of the proteins and the genome. [11] [12] [13] This peculiar internal hydration distribution seems to be, also, at the basis of the large forces and stresses generated by volume changes in endospores upon exposure to environmental relativity humidity modifications. [14] [15] [16] This latter property has been used very recently to develop surprising technological applications, including energy-harvesting devices able to generate electrical power 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 4 from an evaporating body of water 16, 17 and electromechanical tunneling graphene quantum dotspore devices. 18 Therefore, understanding the internal hydration properties of endospores under a large range of varying environmental humidity conditions (hygroscopicity) is a subject of major interest both to understand the fundamental mechanisms of endospore resistance, as well as, to design specific technological applications.
In recent years a significant effort has been made to develop micro/nanotechniques able to examine the internal hydration properties of endospores at the single endospore level. These techniques allow providing direct answers to this problem not subject to the averaging associated to traditional population endospore studies. [19] [20] [21] [22] [23] The single endospore techniques used for hygroscopic studies include high resolution secondary ion spectroscopy (NanoSIMMS), 24 confocal Raman Microspectroscopy, 25 fluorescence redistribution after photobleaching microscopy (FRAP), 5,26 automated scanning optical microscopy 14 and microsystem techniques, such as single particle levitation 27 and suspended microchannel resonators. 28 In spite of the valuable results obtained by the above mentioned techniques, they still suffer from some inherent limitations, including the lack of spatial resolution (nanoscale), of being able to work in situ on a broad range of RH levels on a given endospore in a non-destructive way or of having sensitivity to the internal hydration properties. We note that other nanotechniques, such as Atomic Force Microscopy (AFM) or tip-enhanced Raman scattering (TERS), have been applied to endospore research, but not to the specific problem of determining the endospore hydration properties.
29-32
Here, we overcome some of the limitations of the above mentioned techniques by addressing the problem of measuring the internal hydration properties of single bacterial endospores under variable environmental relative humidity conditions by using quantitative Electrostatic Force 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 Microscopy (EFM). EFM is a scanning probe microscopy technique sensitive to the local dielectric properties of the samples. 33, 34 Examples showing this ability include numerous applications to samples of non-biological origin (thin and thick oxides, 35 polymer films, [36] [37] [38] nanowires, 39 nanotubes 40, 41 or nanoparticles [42] [43] [44] [45] ), and of biological origin (single bacterial cells, 46, 47 single virus particles, 45 solid supported biomembranes, 48 protein complexes 49 or DNA molecules). 50 EFM has two important properties relevant for the present application, namely, (i)
it is sensitive to the internal dielectric properties of the samples, since it is based in the measurement of long range electric forces [51] [52] [53] and, (ii) it is also sensitive to the presence of moisture in the sample, 46 due to the large electric permittivity of water (ε r,water~8 0). The above mentioned features of show that this technique is optimal to probe in situ and in a nondestructive way the internal hydration properties of small scale biological samples, and bacterial endospores in particular, under varying environmental humidity conditions.
In order to achieve this goal we used an environmental EFM system able to cover a broad range of RH levels (from 0% to 80%). In addition, we developed a data analysis methodology to quantitatively compare the results under such different environmental humidity conditions.
Finally, we implemented accurate 3D simulation methods to quantify the EFM measurements and to determine the internal electric permittivity properties of the endospore, and from there, to assess the internal hydration properties of a single bacterial endospore.
RESULTS AND DISCUSSION 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 nm and 57 nm, respectively. The images show a decrease of the capacitance gradient as the tip moves from the substrate to the top of the endospore, being the decrease smaller the higher the relative humidity (see cross-section profiles in Figure 1h ). This behavior is systematically reproduced at different lift distances, as shown in Figure 1n where we plot the absolute values of the lift capacitance gradient on the center of the endospore (circles) and on the substrate (squares), as a function of lift distance (see also Supporting Information). We note that the change of environmental RH produces basically a variation of the capacitance gradient on the endospore, and not on the substrate. To rule out that this variation on top of the endospore at the different environmental RH is due to a topographic cross-talk effect associated to the small increase in the endospore height, we determined the intrinsic capacitance gradient images, 47 in which topographic crosstalk contributions are removed. To obtain these images we used the topographic images and an approach curve measured on a bare part of the substrate (Figure 1m , black line), as explained elsewhere. 47 The resulting intrinsic capacitance gradient images are Figure 1o ). Altogether, these results imply that the variation in the lift EFM capacitance gradient images observed at increasing environmental humidity conditions is directly related to a variation in the electric permittivity properties of the endospore, and not to a change in the endospore dimensions. The variation in the electric permittivity, in turn, can be unambiguously correlated to an increase of the moisture content of the endospore, thus confirming the ability of EFM to assess the hygroscopic properties of small scale biological samples. Note that EFM measurements are more sensitive to the hygroscopic properties than the AFM images themselves, as it can be seen by comparing the relative variations produced by a RH change on the electric signals ( Figure 1l ) and on the topographic profiles ( Figure 1d ). The reason being that the electric permittivity of water (ε r,water~8 0) is much larger than that of the dry biochemical components of the endospore (ε r,proteins ~3-5 for proteins, 48 ,49 ε r,lipids~2 for lipids 48 and ε r,DNA~8
for DNA). 45, 49 This fact makes its presence easily detectable in the EFM images even when small amounts of moisture are present. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 We addressed next the question whether the overall hydration properties, as well as the internal water distribution, of endospores and vegetative cells is the same or whether they offer distinct properties. To this end, we address the problematics of determining the equivalent homogeneous electric permittivity values of both bacterial entities, as well as their surface and internal electric permittivities.
To address this problem we consider the core-shell model shown schematically in Figure 3a .
This model mimics in a simplified manner the internal structures of the endospore, as it can be inferred from the TEM image shown in Figure 3b . In the model the core represents the core of the endospore, while the shell represents the outer shells of the endospore, which include the inner membrane, the cortex and the coat. For the vegetative cell we also use the same type of geometric model. However, in this case the core represents the cytoplasmatic region and the shell 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 14 electric potential distribution for a tip-endospore system configuration. Parameters of the simulation: h=800 nm, l=2000 nm, w=1000 nm, ε r,core =8 and ε r,shell =4, R=100 nm, θ=30º, H=12.5 µm, W= 3 µm, L=0 µm and z=50 nm.
To determine the equivalent homogeneous electric permittivity of the endospore and of the bacterial cell, ε r,eff , we consider a fitting procedure by setting in the model ε r,core = ε r,shell = ε r,eff . we obtain for the endospore equivalent homogeneous relative electric permittivities:
ε r,eff,spore =4.3±0.3, 5.8±0.5 and 17±4, for RH=0%, 40% and 80%, respectively. For the vegetative cell, instead, we obtain: ε r,eff,bact =5.0±0.5, 9.5±1 and 70±30, respectively (see Figure 4c ).
The fitted equivalent homogeneous electric permittivities reveal that the global electric permittivity properties of the endospore and of the vegetative cell follow a relatively similar trend, namely, they show a relative small variation from RH 0% to 40% followed by a large variation from RH 40% to 80%. We observe, in addition, that the vegetative cell shows a higher relative variation of its permittivity as compared to the endospore. These results indicate that both the endospore and the vegetative cell hydrates significantly starting at around 40% RH levels, and that the latter shows a more hygroscopic behaviour than the former. This latter 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 geometry we used R=100 nm and θ=30º, and a lift distance z lift =50. The thin arrow lines help in determining the core and shell values in each case.
When the RH is increased to 40% the results shown in Figures 5a and 5b are both compatible with keeping the core at the same hydration level than at 0% RH and increasing the shell permittivity to ε r,shell,RH40~6 −7 for the endospore and to ε r,shell,RH40~1 0−20 for the bacterial cell.
This would mean that the outer shells of both the endospore and the vegetative cell are able to accommodate the moisture adsorbed at low RH levels. In the case of the endospore, it produces only a slight hydration of the shell, while on the vegetative cell it is already relatively large at these RH levels. When considering a RH value of 80% we obtain that the shell of the endospore is still able to accommodate the moisture and leave the core non-hydrated. In this case, the hydration level of the shell is already relatively large, giving an electric permittivity of ε r,shell,RH80 =20−30. Instead, for the vegetative cell, at RH ~80% the moisture can no longer be accommodated by the shell region, as it would imply an unphysically large value of its permittivity, ε r,shell,RH40,bac >ε r,water~8 0. A solution in this case is that part of the moisture penetrates to the core region (the cytoplasmic region). If we assume for instance the limiting case of ε r,shell,RH80,bac~8 0 then one would have ε r,core,RH80,bac~6 0−70, also indicating a large hydration level of the cytoplasmic region.
The previous results support the statement that endospores have an innate mechanism to avoid hydration of the core even at large environmental relative humidity levels. This mechanism enables the core remaining almost dry, and hence, enables the endospore to extend dormancy under atmospheric conditions.
3,5-7,9,10
The mechanism by which the core is kept at low levels of hydration is still the subject of debate. The current view assumes that the main role is played by the inner membrane, which, in 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 20 dormant endospores, is largely immobile and greatly reduces water permeation, 9,26 thus preserving the core from being hydrated. On the other hand, the subsequent layer, the cortex, is believed to be hydratable 54 and can accommodate a large proportion of the water content of the endospore when the endospore is fully hydrated (note that the external layer, the coat, is permeable to water 14 and, when the endospore is hydrated, tends to show lower water content than the cortex).
9,23
The present approach based on quantitative environmental EFM provides some fundamental advantages to study the internal hydration properties of single bacterial endospores with respect to other existing micro/nanotechniques used to date. [19] [20] [21] [22] [23] First, it is non-destructive and thus it allows varying in situ the environmental humidity conditions on a given endospore. Second, being the electric forces long ranged, it allows accessing the internal dielectric properties of the endospore, and hence, proposing models of internal hydration by making use of the known internal structure of the endospores. And finally, it provides also in situ access to eventual variations of the physical dimensions of the endospore with nanoscale spatial resolution, thus avoiding ambiguous interpretation of the results.
To end up, we note that the present methodology can be applied to other numerous problems where the internal hydration properties of small scale objects is of major interest. Examples could include the study of the hydration properties of other biological entities, such as fungi endospores or single virus particles, and of humidity dependent biological process, such as the production of mycotoxins, one of the largest food poisoning threats. 55 Similarly, it could be applied to the study of the nanoscale hygroscopic properties of water responsive materials for energy harvesting 56, 57 or of aerosol nanoparticles of interest in atmospheric sciences. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
MATERIALS AND METHODS

Endospore and vegetative cell growth and sample preparation. Bacillus cereus (CECT495)
was used in this study. Cells were grown as previously described. 31 Endospores were obtained by were deposited on a gold substrate (Arrandee), previously cleaned following sequential sonication washing with acetone, isopropanol and water. Samples were allowed to dry in a cabin flow before imaging.
Atomic and Electrostatic Force Microscopy imaging. Topographic and capacitance gradient
images have been obtained with a commercial AFM system (Nanotec Electronica, S.L.)
following the electrostatic force microscopy two pass mode detailed elsewhere. 47 Briefly, during the first pass the topographic line is obtained in conventional intermittent contact mode, followed by a second pass, in which the tip moves at a constant height from the measured sample 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 sensitivity down to ~0.002 aF/nm. Capacitance gradient approach curves have also been measured on given points of the sample. These curves are used to determine the lift distances at which the EFM images are acquired by comparing the absolute value of the capacitance gradient in a bare part of the substrate of the EFM image with the values of the approach curve measured on this part of the sample. To help in the interpretation of the results, intrinsic capacitance gradient images (in which topographic crosstalk contributions are removed) have also been constructed following the methodology recently developed by us. 47 A custom-made software written in Matlab (Mathworks Inc.) was developed to automatize these processes.
CDT-CONTR doped diamond probes (Nanosensors) of spring constant ~0.5 N/m and nominal tip radius ~100 nm have been used all through this study. Imaging has been performed under nitrogen ambient flow (~0% Relative Humidity), and under RH~40% and ~80% with the help of a homemade environmental EFM system. In this system, the ambient RH humidity of the AFM glass enclosure is regulated by a pump and monitored with a humidity sensor (Rotronic AG). Times >15 min where allowed after each change of humidity for system stabilization.
To monitor eventual changes on the photodiode sensitivity, or on tip geometry, after each set of EFM measurements at a given RH condition, a set of N=5 EFM approach curves were measured and analyzed following the specific methodology detailed in the Supporting Information.
3D finite element numerical calculations and internal electric permittivity quantification.
The internal electric permittivity properties of the endospores and vegetative cells have been determined with the help of 3D finite element numerical calculations. To this end we used the model system schematically shown in Figure 3a . The endospore and the vegetative cell are assumed to have an ellipsoid shape (3D simulations required), and its internal structure is 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   24 represented, in a simplified way, by a core and a shell, which are assumed to have different electric permittitvities, ε r,core and ε r,shell , respectively. The width, w, height, h, and length l, of the endospore are obtained from the topographic AFM images after a tip deconvolution analysis similar to that of ref 59, but including also the cone contact region. In the present case, the cone contact region is relevant due to the large height of the bacterial endospores in relation to the tip radii of the probes (see Supporting Information). The thickness, t, of the shell is determined from the TEM images, as detailed below. The tip radius, R, and cone half angle, θ, are obtained from a least square fitting of the theoretical model to a capacitance gradient approach curve recorded on the substrate, as explained elsewhere 45 (other parameters are set to nominal values: cone height H =12.5 µm, cantilever thickness W =3 µm and cantilever "length" L=0 µm). The microscopic cantilever effects are included in a constant stray offset, k stray . We have not included in the model the eventual presence of a thin water layer on the metallic substrate since, for the present work, its contribution can be shown to be negligible. Indeed, we estimated a maximum contribution to the capacitance gradient signal of around ~0.5 zF/nm for a water layer of a few nanometers for the tip geometries used in the present work. 60 This value is smaller than the noise of the measuring set-up ~2zF/nm and much smaller than the measured capacitance gradient contrasts >20 zF/nm, so that its effect can be safely neglected. around the tip and in the sample (an example is shown in Figure 3c ), from which we derive the Maxwell stress tensor on the tip surface, and, by integration of it on the surface of the tip, we obtain the electrostatic force. 47 Software routines written in Matlab (Mathworks Inc.) have been To determine the internal electric permittivities of the core and shell, we proceeded in a two step process. In the first step we determined the equivalent homogeneous electric permittivity, ε r,eff , of the endospore (and bacterial cell), by following a fitting procedure similar to the one detailed elsewhere, [45] [46] [47] Transmission Electron Microscopy imaging. Mature bacterial endospores and vegetative cells were directly fixed with 2.5% glutaraldehyde and post fixated with 2% osmium tetroxide.
Samples were allowed to dehydrate in a graded acetone series. Samples were embedded into an epoxy resin and allow polymerization before performing thin sections (thickness~90 nm) with an ultramicrotome (Leica Ultracut E). Observations of the sections were performed with a JEOL 1010 transmission electron microscope with a tungsten filament operating at 80kV. Digital images were captured with a GATAN ORIUS CCD camera. 
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